Chronic myeloid leukemia (CML) is a malignant disease of a primitive hematopoietic cell, characterized by a reciprocal translocation between chromosomes 9 and 22, and creates the fusion gene BCR-ABL1, which is a deregulated tyrosine kinase that drives the leukemia. 1 CML treatment has been significantly improved. However, a significant percentage of the patients with CML failed to respond effectively to the current regimen of drug therapy including frontline tyrosine kinase inhibitors (TKIs) therapy and had to be considered for allogeneic stem cell transplantation, which has a high risk of morbidity and mortality. [2] [3] [4] MDR1 encodes a 170 kDa transmembrane protein, P-glycoprotein (P-gp), which causes the efflux of antineoplastic agents from tumor cells via an adenosine triphosphate-dependent process. Overexpression of P-gp protein is one of the major mechanisms for multiple drug resistance (MDR) in cancer cells. The question of whether P-gp could mediate resistance to imatinib was clinically important and have been elucidated. 5 Moreover, multifactorial causes for inadequate response to imatinib and nilotinib are discussed: acquired somatic mutations in the BCR-ABL kinase domain impairing drug binding are the most common 6, 7 among others, such as BCR-ABL overexpression, 8 centrosomal aberrations, 9 clonal evolution 10, 11 and the bypass of BCR-ABL signaling pathways. 12 Recently, it was reported that type of BCR-ABL transcript may impact the probability of response to TKI among patients with CML treated with various TKI regimens. 13 Therefore, it is critical to continue research into novel therapeutic approaches.
MicroRNAs (miRNAs) are endogenous,~22-nucleotidelength small RNA molecules that negatively regulate the gene expression by directly targeting the 3′-untranslated region (3′-UTR) of mRNAs. 14 MiRNAs regulate the expression of a wide variety of target genes and aberrant expression of miRNAs functions as tumor suppressors or oncogenes according to the role of their target genes. 15, 16 Increasingly, miRNAs are involved in modulating cancer cell behavior, including cell proliferation and apoptosis, cell cycle and differentiation. 17 Dysregulated miRNA expression is a common feature of solid and hematopoietic malignancies. 18, 19 Nevertheless, miRNA expression in chemoresistant CML is not widely investigated and the mechanisms that underlie aberrant miRNAs expression are not well understood.
Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) is one of the most commonly altered tumor suppressors in human cancers and a key regulator of cell growth and apoptosis. 20 Functionally, PTEN converts phosphatidylinositol-3,4,5-trisphosphate in the cytoplasm to phosphatidylinositol-4,5-bisphosphate, thereby directly antagonizing the activity of PI3 kinase (PI3K). 21 Its inactivation results in constitutive activation of the PI3K/AKT pathway and in subsequent increase in protein synthesis, cell cycle progression, migration and survival. 22 Recent studies have
revealed that miRNAs could mediate the oncogenic function of the Akt pathway in several cellular processes, including cell proliferation, epithelial-mesenchymal transition and tumour angiogenesis, in breast, colon and lung cancers. 23, 24 However, the function of the miRNA/PTEN/Akt pathway during CML chemosensitivity is poorly investigated.
Here we examined the relationship between miR-3142 and PTEN in CML and found an atypical miR-3142-PTEN-AKT pathway. Inhibition of this pathway suppresses proliferation and sensitizes CML cells to ADR. Altogether, these results provide a mechanism by which miR-3142 modulates CML cell proliferation and chemosensitivity.
Results
Differential miR-3142 expression in K562-ADR-sensitive, -resistant CML cells and CML patients. Previously, we identified 41 miRNAs that were dysregulated in resistant compared with adriamycin (ADR)-sensitive parental cells in CML. 25 Among these candidate miRNAs, miR-3142 were expressed at significantly higher levels in ADR-resistant CML cells. In this study, we assessed the expression levels of miR-3142 using real-time quantitative RT-PCR (qRT-PCR). As expected, miR-3142 was significantly downregulated in K562 and KU812 cells as compared with K562/ADR, KU812/ ADR cells ( Figure 1a ). Then, the expression levels of miR-3142 were analyzed in 36 CML patients. As expected, miR-3142 were significantly downregulated in CML patients compared with that in CML/MDR patients ( Figure 1b ). These data suggested that alterations of miR-3142 may be involved in the chemoresistance of CML.
miR-3142 inhibited expression of PTEN and bound to the 3′-UTRs. We next examined its potential targets by searching the TargetScan, PicTar and miRNA.org. Among the search results, we identified PTEN as a theoretical target gene of miR-3142. A dual-luciferase reporting system was used to examine whether miR-3142 affected PTEN by directly targeting this specific complementary sequence in its 3′-UTR region. As shown in Figure 2a , miR-3142 transfection imposed a reduction in the luciferase activities. The suppressive effects of miR-3142 on luciferase activities were completely deprived by introduction of nucleotide mutations in PTEN-3′-UTR, suggesting an importance of appropriate binding of miR-3142 to the target 3′-UTRs. The expression level of PTEN was detected in CML patients and CML cells by qPCR. As shown in Figures 2b and c, the mRNA level of PTEN was higher in CML and K562 cells than in CML/MDR and K562/ADR cells. Moreover, there was a strong negative correlation between Log2-transformed miR-3142 expression and Log2-transformed PTEN expression in CML patients (r = − 0.83, Po0.01) ( Figure 2d ). To validate that PTEN was a direct target of miR-3142, we analyzed PTEN expression after miR-3142 or Anti3142 transfection. We found that transfection of miR-3142 reduced, but Anti3142 increased both the protein and mRNA levels of PTEN (Figures 2g and h ). In addition, the engineered levels of miR-3142 expression in the above transfection with miR-3142 or Anti3142 were confirmed (Figure 2e ).
Ectopic expression of miR-3142 in K562 cells enhanced chemoresistance and stimulated proliferation. We next analyzed the effects of miR-3142 on ADR resistance and cell proliferation. K562 cells were transfected with miR-3142 mimic, negative control (NC), respectively. The upregulation of miR-3142 was confirmed by qRT-PCR (Figure 2e ). ADR sensitivity was analyzed by CCK-8 and FACS analysis. Results showed that transfection of miR-3142 in K562 cells could increase cell viability and reduced cell apoptosis (Figures 3a and b ). In addition, induction of apoptosis was further assessed by detection of the active form of caspase-3 and poly (ADP-ribose) polymerase (PARP). As shown in Figure 3c , upregulation of miR-3142 led to reduced protein levels of cleaved caspase 3 and PARP. Furthermore, the effect on cell proliferation was further confirmed. The proliferation rate of miR-3142 expressing cells was significantly increased (Figure 3d ). According to this, we could show strongly increased colony-forming capacity of K562 cells after overexpression of miR-3142 ( Figure 3e ).
Knockdown of miR-3142 in K562/ADR cells inhibited chemoresistance and proliferation. To further investigate the effects of miR-3142 downregulation on the sensitivity and cell proliferation of CML cells, K562/ADR cells were transfected with Anti3142 or control, respectively. The downregulation of miR-3142 was confirmed by qRT-PCR Moreover, results showed that the rate of apoptosis was significantly higher when miR-3142 was inhibited in K562/ADR cells ( Figure 4b ). Consistently, induction of cleaved caspase 3 and PARP was significantly increased in miR-3142 downregulation cells as compared with the control cells ( Figure 4c ). Furthermore, the proliferation rate of miR-3142-expressing cells was significantly reduced (Figure 4d ). According to this, we could show strongly reduced colony-forming capacity of K562/ADR cells after knockdown of miR-3142 ( Figure 4e ).
PI3K/Akt signaling contributed to miR-3142-mediated chemoresistance and cell proliferation. In addition, the phosphorylation levels of Akt, a major target of PTEN 26 and a critical molecule in tumor development, cell survival and proliferation, 27 were elevated by ectopic expression of miR-3142 and decreased by knockdown of miR-3142 ( Figure 5a ). Moreover, we determined the effect of miR-3142-mediated suppression of PTEN on the downstream pathway genes. Results indicated that decreased p21, p27 and increased cyclin D1 expression could be caused by miR-3142 overexpression in K562 cells, whereas opposite effects on the regulation of p21, p27 and cyclin D1 were found when miR-3142 was knocked down in K562/ADR cells ( Figure 5a ). Ectopic expression of miR-3142 reduced PTEN expression leading to activation of PI3K/Akt pathway (Figure 5a ), promotion of the cell viability, colony-forming ability and inhibition of the ADR-induced cell apoptosis. We next tested the role of PI3K/Akt signaling in regulation chemoresistance and proliferation by miR-3142. miR-3142transfected K562 cells were treated with Akt shRNA or PI3K inhibitor LY294002. As shown in Figures 5b and c, Akt shRNA/ LY294002 abrogated miR-3142-activated Akt and inhibited miR-3142-induced ADR resistance, as indicated by a decrease in cell viability and an increase in apoptosis. In addition, Akt shRNA/ LY294002 abrogated miR-3142activated Akt and inhibited miR-3142-induced enhanced cell proliferation, as indicated by a decrease in colony-forming ability and proliferation rate. Furthermore, the protein levels of the main signal molecules of PI3K/Akt pathway were analyzed by western blotting. Our results indicated that in K562-miR-3142 cells, the protein levels of PI3K/Akt pathway were decreased in Akt shRNA/ LY294002 treatment group compared with control group (Figure 5f ). These data suggested that miR-3142 promoted chemoresistance and proliferation by simultaneously activating PI3K/Akt pathway.
Repression of PTEN was essential for miR-205-induced proliferation and chemoresistance. Then, we examined whether repression of PTEN was essential for miR-3142induced cell survival. Plasmid vectors expressing PTEN were constructed. Ectopic delivery of PTEN inhibited cell proliferation and increased sensitivity to ADR in K562/ADR cells (Figures 6e-h) . Moreover, downregulation of PTEN in K562 cells exerted opposite effects (Figures 6a-d ). In addition, compared with the control group, reexpression of PTEN could inhibit cell viability and increase apoptosis rates of K562 cells induced by miR-3142 (Figures 6a-d) . Conversely, silencing PTEN in Anti3142-transduced cells could promote cell viability and suppress apoptosis rates (Figures 6e-h ). More importantly, restoration of PTEN decreased Akt activation induced by miR-3142 ( Figure 6i ). Conversely, silencing PTEN in K562/ADR-Anti3142 cells exhibited opposite effects (Figure 6j ). These data supported that downregulation of PTEN was essential for miR-3142-induced increase of chemoresisitance and proliferation in CML. To confirm the effect of miR-3142 on CML cell chemosensitivity and cell growth in vivo, we also performed in-vivo experiment. As shown in Figure 7a , tumors grow at a slower rate in Anti3142 cells than control cells. Significantly, the combined Anti3142 and ADR treatment markedly restricted the tumor growth to low volumes. In addition, decreases in weights of tumors excised from animals of the Anti3142 group were also observed as compared with those of the control group (Figure 7b ). Consistent with the above observations, tumors injected with Anti3142 had decreased Ki67 (Figure 7c ). Moreover, significant higher protein levels of PTEN were shown in Anti3142-transduced tumors (Figure 7c ). These results confirmed the in vitro tumor suppressive effect of downregulation of miR-3142 in a prostate xenograft model.
Discussion
In our preliminary screening analysis, we found miR-3142 to be upregulated in K562/ADR cells compared with K562 cells. 27 In the current study, we confirmed a higher level of miR-3142 expression in K562/ADR cells and CML/MDR patients than that in K562 cell and CML patients. Here we showed a tumor-promoting role of miR-3142 in CML, overexpression of which robustly promotes cell proliferation and enhanced resistance to ADR in vitro. In contrast, inhibition of endogenous miR-3142 decreased cell proliferation and enhanced sensitivity to ADR in vitro and in vivo. At the molecular level, the PI3K/ AKT pathways contribute to miR-3142-mediated resistance of CML cells, likely mediated by suppressing PTEN expression. Of note, the close correlation between high miR-3142 expression and low expression of PTEN were confirmed in CML cells and in CML patient samples.
Resistance to chemotherapy may arise from inherent genetic instability or through selection of environmental stress. Recently, miRNAs have emerged as crucial mediators in regulating the cellular responses of cancer cells to therapy. Patient response to chemotherapy has shown to be closely correlated to the functional status of miRNAs. [28] [29] [30] It has been reported that miR-214 induces cell survival and chemoresistance. 31 miRNA-17-5p promoted chemotherapeutic drug resistance of colorectal cancer. 32 In addition, enforced expression of miR-146a in AML cells lines inhibited cell proliferation and increased sensitivity to antileukemic drugs. 33 Inhibition of miR-486-5p reduced CML progenitor growth and enhanced apoptosis following imatinib treatment. 34 miR-30a interfered with the effectiveness of imatinib-mediated apoptosis by an autophagy-dependent pathway in CML. 35 Enforced expression of miR-424/miR-30e was shown to suppress proliferation and induce apoptosis of K562 cells. 36, 37 Thus, miRNAs are increasingly viewed as potential diagnostic and therapeutic tools. Our results revealed that miR-3142 expression was significantly upregulated in K562/ ADR cells and CML/MDR patients compared with K562 cell and CML patients. In addition, inhibition of endogenous miR-3142 in K562/ADR cells suppressed proliferation and sensitized them to ADR treatment in vitro. In contrast, restoration of miR-3142 expression in K562 cells remarkably Moreover, we demonstrated that downregulation of miR-3142 suppressed cell growth and enhanced chemosensitivity in vivo. PTEN acts as a tumor suppressor gene through inhibition of PI3K/AKT, which regulates cellular growth, metabolism and survival. Recent studies have demonstrated the inactivation of PTEN in lung cancer, 38 breast cancer, 39 glioblastomas, 40 endometrial carcinoma, 41 colorectal carcinoma 42 and hematologic malignancies. 43, 44 Inactivation of the tumor suppressor PTEN renders cells vulnerable to malignant transformation; however, additional oncogene activation is frequently necessary to drive forward the transformation process. 45 miR-19b overexpression reduced H2O2-induced apoptosis and improved cell survival in H9C2 cardiomyocytes by silencing PTEN. 46 The Mir-17-5p/PTEN axis has been reported to be highly related to chemoresistance in prostate cancer and pancreatic cancer. 47, 48 Inhibition of miR-26a or miR-214 could induce more apoptosis in primary cultured CLL cells via downregulate expression of PTEN. 49 In this report, we utilized in silico algorithms to find miR-3142 target genes in the PI3K/ Akt survival pathway and found that PTEN was a potential target of miR-3142. Upregulation of PTEN mRNA and protein was detected after repression of miR-3142 in K562/ADR cells. In addition, downregulation of PTEN mRNA and protein was detected after overexpression of miR-3142 in K562 cells. Luciferase reporter assays confirmed that PTEN was a direct target gene of miR-3142. We also found that miR-3142 mediated induction of PTEN, leading to activation of the PI3K/ AKT pathway. Our observations also indicated that PTEN overexpression could reverse many of the biological effects of miR-3142. These results indicated that miR-3142 had an important role in ADR resistance by targeting PTEN/PI3K/Akt pathway. It was possible that miR-3142 might also target additional target genes, as a single miRNA can target a broad range of molecular regulators in a context-dependent manner. Thus, further investigations were required.
In summary, this study suggested that miR-3142 was upregulated in K562/ADR cells and CML/MDR patients. Alteration of miR-3142 seemed to be associated with chemoresistance and cell proliferation. We also provided results demonstrating that miR-214 induced cell proliferation and ADR resistance by targeting the PTEN/PI3K/Akt pathway. Therefore, miRNA-3142 could have a potential target for CML therapeutic intervention.
Materials and Methods
Cell lines and patient samples. CML in blast crisis cell lines K562, KU812 were maintained in a RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in a 5% CO 2 humidified atmosphere. The ADR-resistant cell lines K562/ADR and KU812/ADR were incubated in the presence of ADR (Sigma, St Louis, MO, USA; 1 μg/ml) until at least 3 days before starting the experiments. A total of 36 CML patients from the First Affiliated Hospital of Dalian Medical University (Dalian, China) were enrolled in the study. The diagnosis of CML was based on cytomorphology, cytochemistry, multiparameter flow cytometry, immunology, molecular genetics and cytogenetics. Written informed consent was obtained from all of the patients and the study were approved by and the institutional human ethical committee. Peripheral blood mononuclear cells (PBMCs) were isolated from patient blood using Ficoll-Hypaque solution according to manufacturer's instructions (StemCell Technologies, Inc., Vancouver, BC, Canada). The membrane expression of P-gp was studied with flow cytometry. Furthermore, the PBMCs were divided into two groups, CML without MDR (multidrug resistance, n = 16) and CML/MDR(n = 20). The clinical data of enrolled 36 patients was given in Supplementary Table 1 .
Real-time PCR assay. Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After reverse transcription, the levels of PTEN mRNA were determined using SYBR-Green real-time PCR assay (Takara, Dalian, China). The levels of PTEN mRNA were normalized to that of GAPDH and the fold change was calculated using the 2-ΔΔCT method. For miRNA detection, a miRNA-specific TaqMan MiRNA Assay Kit (Applied Biosystems, Forster, CA, USA) was used according to the manufacturer's instructions. Endogenous U6 small nuclear RNA was detected as an internal control. The delta Ct values were normalized to those obtained from the amplification of endogenous U6 small nuclear RNA. All of the reactions were performed triplicate.
Colony assay. This was performed to measure the capacity of cell proliferation. After transfection, the cells (1 × 10 3 ) were mixed completely with RPM-1640 medium containing 0.9% methylcellulose solution (MethoCult TM H4100; StemCell Technologies), 10% FBS and seeded onto 24-well plates. Single cells were randomly and evenly distributed throughout the wells. Colonies were formed and counted 1 week later using an inverted microscope (Olympus, Tokyo, Japan). The number of colonies containing more than 50 cells was counted. All analyses were performed in triplicate.
Western blot assay. The cells were lysed in RIPA buffer with protease and phosphatase inhibitors (Roche, Beijing, China). The protein was separated in a 10% polyacrylamide gel and transferred to a methanol-activated PVDF membrane (Millipore, Beijing, China). The membrane was blocked for 2 h in Tris-buffered saline Tween-20 containing 5% skimmed milk and then probed with caspase-3, cleaved 85 kDa fragment of PARP, PARP, cleaved, active caspase-3 (Cell Signaling Technology, Beverly, MA, USA), anti-Akt, anti-phospho-Akt 308 and anti-phospho-Akt 473 (Abgent, San Diego, USA), anti-p21, anti-p27, anti-cyclinD1 and anti-PTEN (Abcam, Cambridge, UK) and GAPDH (Bioworld, Nanjing, China) overnight at 4°C. After a 1 h incubation with anti-mouse or anti-rabbit HRP-conjugated secondary antibody, the protein level was detected.
Apoptosis assay. Cell apoptosis was evaluated using an Annexin-V-FITC apoptosis detection kit (BD, Franklin Lakes, NJ, USA). Briefly, after treatment with chemotherapeutic agents (K562/ADR, ADR-40 μg/ml; K562, ADR-1 μg/ml) for 48 h, cells were collected, resuspended in 100 μl flow cytometry binding buffer and stained with 5 μl Annexin V/FITC followed by 5 μl PI. Cells were then incubated in the dark for 15 min at room temperature and 400 μl binding buffer was added. The cells were immediately measured by FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ, USA).
Immunohistochemistry. At the end of observation, animals were killed and tumors were retrieved for further analysis. Tumors were immediately immersed in 4% buffered formaldehyde, washed, dehydrated and finally embedded in paraffin. Tumor slices were deparaffinized. After washing steps, peroxidase blocking was carried out for 10 min to quench the endogenous peroxidase. Tumors were again washed and then incubated with the primary antibodies at 4°C overnight. The secondary streptavidin-horseradish peroxidase-conjugated antibody staining was performed at room temperature, visualized in 3,3′-diaminobenzidine (ZLI9018, ZSGB-BIO, Beijing, China), counterstained with hematoxylin, dehydrated and mounted for visualization.
Viability assay. The cell viability was monitored using the Cell Counting Kit-8 (CCK8) (Dojindo Molecular Technologies, Kumamoto, Japan) according to the manufacturer's protocol. Briefly, cells (1 × 104) were plated in 96-well plate. Cells were incubated in the presence of different concentrations of ADR. After 48 h of incubation, 10 μl CCK8 reagent was added to the plate. The spectrometric absorbance was measured at 490 nm by microplate reader (Model 680; Bio-Rad, Hercules, CA, USA). All of the experiments were repeated at least three times. Luciferase assay. A pmirGLO Dual-Luciferase miRNA target Expression Vector was used for 3′ UTR Luciferase assays (Promega, Madison, WI, USA). The plasmid pMIR-REPORT-PTEN wt or pMIR-REPORT-PTEN mut was transfected into HEK-293 cells cells together with miR-3142 mimics or the control. Renilla was used as a transfection control. Firefly and Renilla luciferase activity was measured 48 h after transfection. Data are presented as the mean value ± SD for triplicate experiments.
Plasmids
Xenograft model in nude mice. Nude mice (4 weeks old) were purchased from the Animal Facility of Dalian Medical University and housed in barrier facilities on a 12 h light/dark cycle. The mice were randomly assigned to groups (n = 6/ group). The mice in groups were inoculated subcutaneously with K562/ADR cells (1 × 10 7 ) in the right flank and, 1 week later, injected intratumorally with Anti3142 or control three times per week for 3 weeks, combining with intraperitoneal injection of doxorubicin (7 mg/kg) weekly. Tumors were examined every 6 days. Tumor was weighed and tumor volume was calculated using the equation (length × width 2 )/2. 
